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Abstract
The Quantum Fourier Transformation (QFT ) is a key building block for a whole wealth of
quantum algorithms. Despite its proven efficiency, only a few proof-of-principle demonstrations
have been reported. Here we utilize QFT to enhance the performance of a quantum sensor. We
implement the QFT algorithm in a hybrid quantum register consisting of a nitrogen-vacancy (NV)
center electron spin and three nuclear spins. The QFT runs on the nuclear spins and serves to
process the sensor - NV electron spin signal. We demonstrate QFT for quantum (spins) and
classical signals (radio frequency (RF) ) with near Heisenberg limited precision scaling. We further
show the application of QFT for demultiplexing the nuclear magnetic resonance (NMR) signal of
two distinct target nuclear spins. Our results mark the application of a complex quantum algorithm
in sensing which is of particular interest for high dynamic range quantum sensing and nanoscale
NMR spectroscopy experiments.
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INTRODUCTION
The Quantum Fourier transform (QFT ) is a key element in a variety of quantum algo-
rithms, such as conventional phase estimation, Shor’s prime factorization protocol [1], period
and order finding [2], or in the modern applications of quantum machine learning [3]. Along
with the large theoretical research triggered in the fields of physics, chemistry and computer
sciences over the past two decades, there have been experimental demonstrations of the
algorithm using various physical systems involving superconducting qubits [4], trapped ions
[5], nuclear magnetic resonance (NMR) [6], and integrated optics [7]. Yet, besides these
proof-of-principle demonstrations no practical use of the QFT in e.g. factorization of large
numbers has been made, because it would require a so far not available number of qubits.
On the other hand, classical Fourier transformation is used in a much larger variety of
applications than the ones highlighted above for QFT. Excellent examples are found in sig-
nal analysis, specifically in spectroscopy, where in e.g. infrared and particularly in nuclear
magnetic resonance, fast Fourier transformation (FFT) is the hallmark of modern biomolec-
ular nuclear magnetic resonance structure analysis. In this technique signal post processing
is used to demultiplex a complex multifrequency signal essentially yielding a massive reduc-
tion in signal acquisition time over measuring each frequency separately. Here we show, that
using a multiqubit sensor and QFT simultaneously can demultiplex a multifrequency signal
in situ and yield superior sensor performance.
In a typical quantum sensing scenario a physical quantity α which gives rise to the energy
shift δE(α) and leads to the phase accumulation φ = δE(α) · τ of the quantum state used
for the measurement. This phase shift is measured by e.g. Ramsey interferometry [8]. The
measurement sensitivity scales with the phase acquisition time τ as 1/
√
τ in the standard
quantum limit. In case multiple δE(αi) are detected, for example caused by a complex
nuclear magnetic resonance spectrum, the acquired phase would comprise multiple phases
φi. To yield an unambiguous phase readout, the phase evolution is restricted to the interval
[0, pi], when using a single sensor spin for phase measurements. Since the acquired phase
φ =
∑
i φi = τ
∑
δE(αi), is given by the evolution time τ multiplied with the sum of all
frequency components, the maximum acquisition time is thus determined by the largest
spectral component, significantly reducing the overall sensitivity. The addition of multiple
memory and register qubits and use of QFT allows to extend the dynamic range and hence
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sensitivity in such measurement and to demultiplex the individual harmonics from individual
sources (spins) onto various memories outputs as depicted on Fig. 1.
We implement the QFT algorithm on a three nuclear ancillary spin register coupled
to nitrogen vacancy (NV) center in diamond and demonstrate phase digitization. Further
we use this to perform high dynamic range sensing of a RF signal and parallel correlation
spectroscopy of two distinct weakly coupled target spins. We show here, that extending the
dynamic range of the sensor by encoding the acquired phase φ into memory states |m1m2..〉,
and using the QFT algorithm to demultiplex the signal harmonics also enhances the overall
sensitivity of the sensor.
RESULTS
Implementation of QFT algorithm
Our QFT algorithm utilizes an electron spin as sensor to acquire a phase φ which we
subsequently transfer onto memory and processing qubits to perform a QFT , the result
of which is read out after the phase acquisition is accomplished [2]. To implement our
experiment we use a single electron spin of an NV center in diamond with long coherence
time at room temperature as a probe qubit capable of sensing various external quantities
[9–11]. As memory register we use three well isolated and thus long-lived individual nearby
nuclear spins (14N , 13C1,
13C2) which form a twelve level quantum system for storage and
processing of the sensed information as schematically depicted in Fig. 1a. We note that we
can perform single-shot readout on all three nuclear spins. The electron spin sensor measures
small magnetic fields and distributes the phase acquired during the sensing step U2
i
to the
ith memory qubit (see Fig. 1. (b), (c)). The long lifetime of the memories allows for long
phase storage and consequently high spectral resolution due to large correlation times. In
our setting, α is a magnetic field created by proximal target spins or a classical signal, or
for example nuclear spins of an unknown complex molecule or spin cluster. In the case of a
nuclear spin-bath, the multi-frequency signal from the sample with peak frequencies f1 and
f2 and amplitudes a1 and a2 results in a beating in the free precession signal of the nuclear
spins. The task at hand is to demultiplex this by applying Quantum Fourier transformation.
In case of our hybrid qubit-qutrit register the QFT is similar to a standard register
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composed of qubits i.e. realized with use of the Hadamard and control rotation gates. Fig.
1e shows a circuit representation of a QFT and QFT † algorithm for an effective twelve level
system, consisting of one qutrit and two qubits (see Supplementary). In general, the QFT
involves local Hadamard (Chrestenson [12]) gates for qubits (qutrit) and a large number
(O(n2)) of conditional non-local rotational gates, and are implemented using optimal control
(see Supplementary) to enhance fidelity.
In the version of the algorithm adapted to our hybrid qubit-qutrit quantum register (see
Fig. 1c) the register spins are initialized in a superposition initial state |+〉 with zero phase
using local Hadamard and Chrestenson gates. After that, the sensor interacts with the target
system, attains phase information and stores it onto the register spins using controlled U i
gates [13]. The phase acquisition gate Uˆ in Fig. 1b,c presents a unitary operator acting
on the electron spin for example by Uˆe = exp{i∑ti AizzSzI izτ} or Uˆe = exp{i∑ti AizxSzI ixτ},
depending on the control sequence and on the state of the target spin system. Finally,
QFT † transforms the acquired phases to a bit representation (digitization) by mapping it
onto populations of the nuclear spin register which are then either used as a classical memory
during the correlation time or read out through a single-shot measurement [14].
In a classical Fourier transformation of e.g. an NMR signal, the data is acquired first
and then the Fourier transformation is applied subsequently. Applying the QFT however,
requires a simultaneous recording of data and performing QFT †. We start by first applying
the QFT on the initialized nuclear quantum register and then transfer the measured phases
from the electron spin to the nuclear quantum bits. The role of QFT † on the nuclear
quantum register is to make the mapping of acquired phases during the phase acquisition
more efficient by realizing an unambiguous digitization of the phase. To demonstrate the
efficiency of this step and compare QFT with other phase conversion methods, we first
prepare the initial state of the register with a certain phase φ mimicking a phase acquired
by the sensor spin (see Fig. 2)(see Supplementary). The figure shows the result of a readout
of the nuclear register (i.e. its bit values) for different input phases. The simplest way to
convert this phase into a detectable Iz magnetization are Hadamard gates on each nuclear
spin which rotate the spin from the phase plane into the z direction. For comparison we
show the result of the same initial state of the nuclear spins with the QFT † protocol. As
apparent from the upper row of Fig. 2. b,c the application of local gates results in quantum
register readouts scattered throughout the whole logical space. Most importantly, most
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phases (except φ = pi) result in multiple bit values, i.e. the register readout does not
result in an unambiguous phase. On top, the readout contrast is reduced by 1/a, when
a is the number of bit value results per given phase. However, the contrast is maintained
upon application of the QFT †, and the measurement output corresponds to a well defined
phase. In Fig. 2b,c the analytical and experimental result for the application of H⊗3 and
QFT † on the same initial phase encoded state is shown respectively. Besides the excellent
agreement between experiment and theory the results show excellent fidelity of our QFT
based protocol for sensing with hybrid quantum devices containing multi-qubit registers (see
Supplementary). For the QFT based protocol, the fidelity stays constant over the whole
range of φ, and the individual qubits are projected onto their eigen basis, minimizing the
spin projection noise during the projective readout of the register state. A further advantage
of the QFT is that in previous application of in-situ correlation
In classical Fourier transform NMR, a multifrequency signal is recorded in a Ramsey-
type experiment and its frequency components are subsequently determined by a Fourier
transformation. In our implementation we measure an oscillating magnetic field and process
the QFT in-situ (see Fig. 3a). A notable difference between the classical approach and our
quantum sensor is that we first need to convert the frequency of the oscillating field into
a phase which can be transferred to the nuclear quantum register. To accomplish this, we
design and implement phase gates U i, converting the AC magnetic field into a phase acquired
by the electron spin of NV center and imprint it onto various nuclear register qubits [15].
Essentially, U i comprises a train of phase inversion pulses which are commensurate with
the oscillation of the AC magnetic field sandwiched between two CNOT gates which write
the phase on the nuclear register (see Fig. 3b). Our measurement starts with memory
initialization, followed by a sensing stage. In the sensing stage, the sensor qubit attains
phase information related to the incident magnetic field and swaps it onto the memory
qubits where it is stored in form of a relative phase and is transformed through the QFT †
into a binary representation, which is then finally read out. Fig. 3c shows the output of
the QFT † in the register states basis representation |m1m2m3〉. Analogous to Fig. 2c,
the image shows the unambiguous representation of the field amplitude with respect of
the measurement result output, which corresponds to full 2pi phase estimation range on
the twelve-level quantum register. We would like to highlight here the enhanced dynamic
range of the QFT alongside the precision of the sensing protocol. As the DR scales with
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the dimension of the Hilbert space (see Supp. for details) we experimentally find a ∼ 12x
improvement when compared to the single qubit case. To see the benefit of using a QFT
based phase estimation we analyse the Fisher information in Fig. 3.d and use it to visualize
the scaling behavior of our phase estimation scheme with respect to the number of qubit
resources used. To do this we analyze the output state in the sensing protocol as a function of
the acquired phase φ, using the expression for the Fisher information for the pure states, viz.,
Fq = 4(〈∂aψ|∂aψ〉 − |〈∂aψ|ψ〉|2). We estimate the theoretical Fisher information of the final
state of the sensing protocol with respect to parameter φ, and compare it to the expressions
obtained for the case of n non-entangled qubits, and n fully entangled qubits (NOON states),
which represents the Standard Quantum limit and Heisenberg scaling limit in number of used
qubit resources (see Supplementary). In the same plot we show the experimentally achieved
values of the Fisher information for the case of a twelve-level register. These values were
estimated for the experiment shown in Fig. 2 and Fig. 3 for the bare QFT † and QFT † with
sensing. While the experimental values show a slight deviation in the achievable information
compared to the theoretically calculated case, they outperform the Standard Quantum Limit
and approach Heisenberg scaling (see Methods).
Finally we turn to measuring signals of multiple, non-identical nuclear spins. State-of-the-
art quantum sensing protocols with NV centers in diamond enable high resolution nuclear
magnetic resonance experiments reaching sub Hz resolution. This is either accomplished by
measuring the signal in subsequent measurements and correlating them afterwards [16, 17],
or by in-situ correlation spectroscopy [15, 18]. In the latter first the oscillating magnetic
field caused by the Larmor precession of the target nuclei is converted into a phase, similar
to the above detection of the test field. However, the phase detection sequence is repeated
after a certain (correlation) time Tc to achieve a higher frequency resolution [19].
Here we extend this method by a multi-qubit memory and apply QFT on these qubits.
The general working principle of this method is depicted schematically in Fig. 4a. It is using
multiple nuclear spins to store the phase of the electron spin and in addition is applying QFT
to the attained data. The protocol starts with applying a QFT to the initialised nuclear spin
register. Subsequently the NMR signal of the target spins is measured by the electron spin
and its phase information is encoded in the nuclear spin register. A QFT algorithm is then
applied to these nuclear spin quantum states, essentially encoding the phase information
into nuclear spin eigenstates for long time storage. Arbitrary operations could be done on
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the target spins during that period, for example a Ramsey sequence or a single pi pulse,
before the memory is mapped back for the second correlation step. The operations on the
target nuclear spins change the local magnetic field of the sensor electron spin. In the final
decoding stage of the algorithm, this new magnetic field is compared (correlated) with the
one measured during the encoding state. The addition of multiple register qubits is a natural
choice for expanding the memory capacity and hence improve the function of the method.
However, a proper way of processing the information is required and this is achieved by the
QFT .
During the protocol, the QFT is used to demultiplex the signals originating from the
mixture of target spins onto separate memories outputs. To demonstrate this we choose
weakly coupled nuclear spins of 13C with Azz coupling of 6 kHz (t1) and 12.4 kHz (t2) as
two target spins.
The QFT and QFT † in between the two sensing steps and the duration of interrogation
time τ during phase accumulation was chosen such that the signal originating from the 12
kHz coupled target spin is reflected by the result measured on 13C414 nuclear spin memory,
whereas the signal originated by 6 kHz target spin is measured by the output of the another
register qubit (13C90)(see Supplementary).
We perform correlation spectroscopy of these target spins with a Ramsey type measure-
ment in between the sensing steps. For the nuclear spin Ramsey pi/2 pulses, a frequency
detuning of 2.5 kHz to the weaker coupled target spin was chosen, such that we should
measure an oscillation with 2.5 kHz on 13C90 and an oscillation of 3.8 kHz on the
13C414
memory output, respectively. This is observed in the measurement and depicted in Fig. 4e-f
achieving an NMR linewidth of 76 Hz and 68 Hz.
In our measurement protocol the phase acquisition is adjusted such, that the least sig-
nificant qubit (LSQ) acquires a total phase φLSQ = 4 · 2τAt2 = 2pi and the most significant
qubit (MSQ) a phase of φMSQ = 4 · τAt2 = pi as the stronger coupled target t2 spin flips
during the correlation time. The register acquires a phase φLSQ = 4 · 2τAt1 = pi on the LSQ
and φMSQ = 4 · τAt1 = 0(mod2pi) on the MSQ when the weaker coupled target spin t1 flips.
Hence, we pick a sensing time τ , such that it fits the energy difference of the combined target
spins. In our case, the sensing time τ was chosen to be τ = 3pi/8 ·(At1 +At2) ≈ (4 ·12kHz)−1
as depicted in Fig. 4d.
This setting results in the mapping of phases acquired due to the signal of the individual
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target spins as shown in Fig. 4d onto the register states. As a result when performing Ramsey
type correlation measurement on two target spins their oscillation are directly mapped onto
the output populations of memory spins which are single-shot readout in Fig. 4e. By
performing an Fast-Fourier Transform (FFT) on the results of individual memory outputs
we show two resonances corresponding to 12 and 6 kHz 13C nuclear spins with the resolution
of ≈ 70Hz depicted in Fig. 4f.
In conclusion we demonstrated the first implementation of QFT using individual solid-
state nuclear spins in diamond. Combining QFT with sensing we extended the capability
of diamond based quantum sensors and realized a multiqubit phase estimation circuit in a
correlation spectroscopy measurements, and monitored the dynamics of a two target spin
with high precision. Their NMR signals were demultiplexed and read out as a separate
quantum register outputs. Our results show, that multiple qubit algorithms can be beneficial
for quantum sensing, even in terms of sensitivity scaling.
It has been shown, that a NV register can comprise up to seven nuclear qubits, extending
the number of frequencies simultaneously detected to a value which is of interest to be
applied in multi species nanoscale NMR.
METHODS
NV center - nuclear spin system
In our experiments we use a single electron spin of an individual NV center as a sensor The
electron spin has a long T2 coherence time [15] at ambient conditions despite its large coupling
to external fields and consequently a high intrinsic sensitivity. To perform the QFT , one
needs highly controllable nuclear spins that constitute the memory register. The NV center
has several hyperfine coupled nuclear spins in the environment having much longer coherence
times as compared to the electron spin but having a low susceptibility to the environment.
The NV center has several hyperfine coupled nuclear spins in the environment having much
longer coherence times as compared to the electron spin but having a low susceptibility to the
environment. The co-processor is formed using the strongly coupled (2.16 MHz) 14N nuclear
spin of the NV center, and two 13C nuclear spins (labelled as 13C414 and
13C90) with hyperfine
coupling along the quantization axis of the NV center Azz ≈ 414kHz and Azz ≈ 90kHz
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respectively [20]. It presents an effective 12-level system and allows to run a general set
of quantum operations including the QFT algorithm. Additionally, our register allows for
single-shot readout of nuclear spins and thus efficient extraction of sensing information
[14, 20]. Due to the relatively strong hyperfine coupling we can resolve all the twelve lines
in the ODMR spectrum of the NV center which has an T ∗2 time about 20 µs. This marks
the key step of our protocol, as the digitized phase is encoded as populations among the
12-levels with a resolution of φ/12. The individual addressing of these levels set the limit
on our precision. Using strongly coupled nuclear spins as memory qubits allows them to be
individually addressed and readout. (see Supplementary Information).
Precision and dynamic range scaling
For the multiple independent qubits the Quantum Cramer-Rao Bound (QCRB) gives the
ultimate bound for precision of a parameter estimation. The formula for the QCRB reads
∆φSQL =
1√
Nm
√
Fq
= 1√
Nm
√
n
, where Nm is the number of measurements and n is the number
of independent qubits. It is also worth noting that in a sensing scenario, when an unknown
parameter α has to be determined, one can write that φ = δE(α)τ/h. The corresponding
final state reads as |ψ〉 = 1√
2
(|0〉+ ei ∂E∂α δατ/h|1〉), and the Fisher Information with respect to
the parameter α reads F qα = n∂E
2
ατ
2. ∆α = h 1√
Nm
1√
n∂αEτ
comprises the Standard Quantum
limit in number of measurements and Heisenberg limit scaling in measurement time. It
shows SQL limit scaling of precision in the number of independent qubits. When multiple
independent qubits are subject to a phase estimation algorithm, the Fisher information
in phase estimation reads Fq =
∑n−1
j=0 2
2j = 1/3(4n − 1), the QCRB for phase ∆φPEA =
1√
Nm
1√
(4n−1)/3 ≈
√
3
Nm
1
2n
at large n and it reduces exponentially with number of used qubits.
On the other side, when a phase is acquired due to the sensing, then φ = τ∂αEδα/h. In
that case F qα =
∑n−1
j=0 (2
jτ∂αE/h)
2, and ∆α = h
√
3
Nm
1
2n
1
τ∂αE
. Since the total time of the
measurement is approximately T ≈ 2nτ then ∆α = h
√
3
Nm
1
T∂αE
. In comparison, for the
case of n entangled qubits as an initial state, when a similar phase estimation operation is
applied, the Fisher information reads Fq = (
∑n−1
j=0 2
i)2 = (2n − 1)2. In the case of sensing a
parameter α as in the previous case, F qα = (
∑n−1
j=0 2
iτ∂αE)
2, and ∆φHL =
1√
Nm
1
(2n−1) , which
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has an exponential scaling in number of qubits and for high n scales as for non-entangled
qubits. The precision of sensing of a parameter is equal to ∆α = h 1√
Nm
1
(2n−1)
1
τ∂αE
. To
summarize the QCRB gives the following scaling for the precision of conventional sensing
using n non-interacting qubits, QPEA, and QPEA+Entangled state:
∆αSQL = h
1√
Nm
1
τ∂αE
(1)
∆αQPEA = h
√
3
Nm(4n − 1)
1
τ∂αE
(2)
∆α = h
1√
Nm
1
(2n − 1)
1
τ∂αE
(3)
Dynamic range
In a quantum measurement the 2pi periodicity of the acquired phase limits the measure-
ment rangeRα = pi/(∂αEτ) over which the parameter α could be unambiguously determined.
Thus there is a trade-off between the precision (∆) and maximum range of the measurement
(R), efficiently represented via a dynamic range (DR = R/∆). In a standard case of n qubit
sensing using Ramsey type sequence DRSQL =
pi
τ∂αE
/h 1√
Nm
1
τ∂αE
= pi
h
√
Nm.
In the case of phase estimation algorithm with a QFT the maximum range is given
by the smallest phase acquisition time τ and phase could be resolved in whole 0 − 2pi
range, while the precision is given by the longest phase acquisition time τ · 2n. In that case
DRQPEA =
2pi
τ∂αE
/h
√
3
Nm(4n−1)
1
τ∂αE
= 2pi√
3h
√
Nm
√
(4n − 1) ≈ 2/√3DRSQL × 2n, where n is
the number of qubits. In summary the phase estimation algorithm and QFT exponentially
increase the dynamic range with the number of qubits in use.
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FIG. 1. (a) Schematic representation of the sensor consisting of a single sensor spin (green) which
collects phase information of a distant target spin (blue and orange) and distributes it onto a local
qubit register (red) made of one qutrit (14N nuclear spin) and two qubits (13C nuclear spins). (b)
The target system spectrum, consisting of multiple frequencies f1, f2,... with corresponding am-
plitudes a1, a2,... with a schematic circuit for sensing of multiple target spins with implementation
of QFT and QFT †. (c) The phase acquisition unitary gate for sensing of target nuclear spins t1
and t2. (d) The readout result of the register qubits after performing measurements with the QFT
algorithm. Each memory stores Ramsey oscillation of individual target nuclear spins. (e) QFT †
quantum circuit for our hybrid quantum register
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FIG. 2. Measurement outcome of the register after QFT . (a) Quantum circuits of two readout
methods of register prepared in arbitrary phase state |Ψ〉 = |φ〉⊗ |2φ〉⊗ |4φ, 8φ〉. The upper circuit
maps of the phase basis onto the population basis using local single qubit (qutrit) Hadamard
gates, whereas the lower one uses QFT †. (b) and (c) are results of theoretical calculations and
experimental realization of the circuits on our system. Results of the experiment are in excellent
agreement with calculations of the circuit output. Notably in the QFT † case there is no ambiguity
between regions of phase 0− pi and pi− 2pi. Additionally the QFT † prepares final states which are
close to the eigen states of the register, minimizing the loss of purity due to dephasing.
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FIG. 3. (a) Sensing of an external RF field with the QFT . Usage of multiple register qubits allows
to enhance the dynamic range of the sensor using multiple interrogation times, (b) Schematic rep-
resentation of the quantum circuit which serves for detection of the artificial field (c) Measurement
outcome of the memory registers (d) Fisher information estimated for the case of the inverse Quan-
tum Fourier Transform (QFT †) sensing protocol, the Heisenberg scaling limit and the Standard
Quantum Limit (SQL). Cyan points connected by the thin dashed line marks a simulation of the
QFT † on the n-qubit circuit. Black and Red diamond are experimental results of the bare QFT †
algorithm and the QFT † with sensing steps.
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FIG. 4. (a) 5-qubit circuit for high resolution spectroscopy. Metrology information is decoded
first with a single quantum phase estimation algorithm step and with a filter to preselect the target
spins of interest. (b) Controlled unitaries Un consist of two CROT gates with different states of
the control qubit separated by nτ . (c) Representation of the phase acquired by two register qubits.
The phase results from two target spin contributions proportional to their coupling strength and
conditional on the target spin state. The net amount of phase on the second qubit is twice larger
than on the third in order to match the requirement of the QFT transformation. (e) Ramsey
measurement on two target spins as shown in (a). After performing an FFT on the data (shown
in (f)), two distinct peaks arise with a linewidth of a 100 Hz allowing to distinguish between the
two target spins.
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